The papillomavirus E2 proteins are the major regulatory factors involved in viral gene expression and viral DNA replication (reviewed in reference 36). E2 proteins bind specifically to the 12-bp palindromic sequence ACCN 6 GGT. These sites are located throughout papillomavirus genomes but are particularly concentrated within the viral long control region, where they act to regulate transcription of the early viral genes (2, 19, 20, 29, 34, 40) . The E2 protein encoded by bovine papillomavirus (BPV) has served as the prototype in many analyses, and has been most extensively characterized. BPV type 1 (BPV-1) E2, functioning through E2 binding sites, can activate viral promoters over relatively large distances within the viral genome (52, 56) and has been shown to cooperate with a number of cellular transcription factors (18, 30, 55) . E2 binding sites within the papillomavirus long control region also participate in viral DNA replication by recruiting the viral E1 replication protein to the adjacent viral origin of replication (37) . Furthermore, BPV-1 E2 can transactivate promoters containing E2 binding sites in Saccharomyces cerevisiae (28, 40, 53) , suggesting that at least some aspects the E2 transactivation mechanism must be conserved between higher and lower eukaryotes.
Transcriptional activator proteins are thought to act, at least in part, by influencing the assembly and/or activity of preinitiation complexes (9, 50 ; for reviews see references 44 and 54) . Moreover, members of the class of transcriptional activator proteins known as acidic activators share a number of features, including interaction with transcription factor IIB (TFIIB) (3, 10, 23, 31, 33, 47, 49, 51, 58) . Moreover, the mechanism of transactivation by acidic activator proteins appears to be conserved, since in contrast to members of other classes of mammalian transcriptional activator proteins (e.g., SP1 [42] ), many acidic activators can function in both yeast and mammalian cells (3, 5, 11, 27, 38, 43, 49) and bind TAF II 31 (25, 32, 57) .
The BPV-1 E2 protein is known to share a number of characteristics with other acidic transcriptional activator proteins, including the presence of a predicted ␣-helical region with amphipathic character within its amino-terminal activation domain (14) , the ability to interact with the TFIIB and TATA binding protein (TBP) basal transcription factors (45) , and the capacity to function in yeast (28, 39, 53) . In this study, we demonstrate that, like BPV-1 E2, human PV type 16 (HPV-16) E2 can interact with TFIIB in vitro. Mapping experiments were performed to determine the regions within BPV-1 E2 and human TFIIB (hTFIIB) required for this interaction. Finally, we demonstrate that BPV-1 and HPV-16 E2 proteins can interact with yeast TFIIB (yTFIIB), suggesting that this conserved interaction may be important in the ability of PV E2 to act as a potent transcriptional activator in yeast.
In vitro TFIIB interaction is a conserved function of BPV-1 E2 and HPV-16 E2. Interaction between TFIIB and glutathione S-transferase (GST)-BPV-1 E2 fusion proteins has been demonstrated previously (45) . To further examine this interaction, we tested the ability of native E2 proteins to interact with recombinant hTFIIB (Santa Cruz Biotechnology) by coimmunoprecipitation in vitro. 35 S-labeled BPV-1 E2 was generated by coupled in vitro transcription and translation and incubated with increasing amounts of bacterially expressed recombinant hTFIIB. Following incubation for 1 h at room temperature in 0.7 ml of binding buffer (10 mM Tris [pH 7.5], 5 mM MgCl 2 , 1 mM EDTA, 2 mM dithiothreitol, 100 mM NaCl, 0.5% Nonidet P-40), 7.5 l (100 g/100 l) of anti-TFIIB antiserum (Santa Cruz Biotechnology) was added and incubation was continued for 30 min. A 50% protein A-agarose slurry (30 l) preequilibrated in binding buffer was then added. After 30 min, beads were washed four times in 1 ml of binding buffer and samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Precipitated radiolabeled E2 was detected by autoradiography.
The results of such an experiment are shown in Fig. 1A . Addition of increasing amounts of recombinant hTFIIB resulted in coimmunoprecipitation of proportionally increasing amounts of BPV-1 E2. The small amount of BPV-1 E2 that was precipitated by hTFIIB antiserum in the absence of exogenously added recombinant TFIIB was probably not due to trace amounts of TFIIB present in reticulocyte extracts (see below) and is attributable to background levels of BPV-1 E2 precipitation by the anti-TFIIB antiserum. These experiments confirm the previous study that documented an in vitro interaction between BPV-1 E2 and hTFIIB (45) .
Considering the fact that BPV-1 E2 and HPV16 E2 are both potent transcriptional activators (26), we next tested whether hTFIIB interaction was a shared characteristic of these two proteins. A T7 template for HPV-16 E2 was generated by PCR with a 5Ј oligonucleotide that contained a T7 promoter and an initiation methionine codon in an optimal Kozak context. 35 Slabeled BPV-1 and HPV-16 E2 were tested for interaction with hTFIIB in vitro. Bacterially expressed recombinant hTFIIB (0, 0.5, or 5.0 g) was incubated with radiolabeled BPV-1 or HPV-16 E2. An E2-hTFIIB interaction was detected by immunoprecipitation with anti-hTFIIB antibody (Fig. 1B) . In vitro-translated RPA3 (5) was used as a negative control to ensure the specificities of the observed hTFIIB interactions. In these experiments, hTFIIB bound approximately 10% of the input radiolabeled BPV-1 and HPV-16 E2, indicating that TFIIB binding is a shared characteristic of both E2 proteins. No interaction was observed between hTFIIB and RPA3.
The in vitro BPV-1 E2-hTFIIB interaction is direct and not mediated by TBP. The observed immunoprecipitation of E2 with TFIIB antiserum might be due, at least in part, to the presence of endogenous TFIIB or TBP in the reticulocyte lysate. This was a potentially important consideration, because TBP and TFIIB are known to form a complex (8, 21) . In order to address this issue, aliquots of radiolabeled E2 translated in rabbit reticulocyte lysate were precleared with 10 g of antiserum to TBP (Santa Cruz Biotechnology) (Fig. 2 , lanes 1 through 3) or 10 g of anti-hTFIIB antiserum (Santa Cruz Biotechnology) (lanes 4 through 6) in 0.7 ml of binding buffer, and then 30 l of a 50% (vol/vol) protein A slurry was added. After a 30-min incubation at room temperature, samples were briefly microcentrifuged and the supernatants were transferred to fresh tubes. This process was followed by immunoprecipi-
FIG. 1. In vitro coimmunoprecipitation of papillomavirus E2 proteins and recombinant hTFIIB. (A) [
35 S]methionine-labeled E2 proteins were generated by the T7-TNT coupled reticulocyte lysate system (Promega) with pCMV-E2 as the full-length BPV-1 E2 template (4). Indicated amounts of recombinant hTFIIB (rTFIIB) were incubated with radiolabeled in vitro-translated E2 and then with 7. Fig. 1 . Thus, after eliminating any endogenous TBP, radiolabeled E2 could be precipitated by TFIIB antiserum only after addition of exogenous recombinant TFIIB. These results indicate that the observed TFIIB-E2 interaction was not due to the presence of TBP in the reticulocyte lysate. Lanes 4 through 6 of Fig. 2 represent a parallel experiment that examined the possibility that the TBP-E2 interaction occurs through endogenous TFIIB. In these lanes, radiolabeled E2 in binding buffer was precleared with TFIIB antiserum. Immunoprecipitation was performed with anti-TFIIB (lane 4) or anti-TBP (lane 5). In the lane 6 sample, recombinant TBP was added to the anti-TFIIB precleared sample, followed by immunoprecipitation with TBP antiserum. Although the amount of E2 precipitated in lane 6 indicates some binding of BPV-1 E2 to TBP (see lanes 1 and 4) , this binding appears to be much less efficient than that observed between recombinant TFIIB and BPV-1 E2. Separate experiments using radiolabeled TBP indicated that the TBP antiserum used in this experiment was competent and not limiting for TBP immunoprecipitation under these conditions (data not shown). In summary, these results indicate that the observed TFIIB-E2 interaction was not mediated by endogenous TBP in the reticulocyte lysate. Furthermore, only a small level of TBP-E2 interaction was observed, suggesting that like VP16 (31), BPV-1 E2 interacts much more strongly with TFIIB than with TBP. These experiments, however, do not address or rule out the possibility that a three-way complex of TFIIB, TBP, and E2 plays an important part in E2-mediated transactivation.
Interaction of hTFIIB with BPV-1 E2 involves determinants within the amino-terminal transactivation domain. We next performed mapping of the BPV-1 E2 domain necessary for interaction with hTFIIB. Template plasmids for T7 in vitro transcription that carry genes encoding full-length and deletion mutants of BPV-1 E2 (p2434 encodes BPV E2 amino acids [aa] 53 to 410, p2423 encodes aa 162 to 410, p2439 encodes BPV E2 deleted of aa 158 to 282, and p2430 encodes aa 207 to 410) were obtained from Alison McBride (34) . Figure 3A shows the result of an assay in which in vitro-translated, radiolabeled full-length BPV-1 E2, as well as various BPV-1 E2 deletion mutants, was tested for hTFIIB binding. These assays were performed as described for Fig. 1 with 0.5 g of recombinant hTFIIB and 7.5 g of TFIIB antiserum. BPV-1 E2 proteins deleted of aa 1 to 52, 1 to 161, or 162 to 282 could bind hTFIIB in vitro, whereas no binding to a domain of BPV-1 E2 encompassing aa 207 to 410 was observed. In separate experiments (data not shown), no binding was observed between recombinant hTFIIB and the DNA binding domain (aa 310 to 410) of BPV-1 E2. These results (Fig. 3A) suggested that the BPV-1 E2 amino terminus might be sufficient for interaction with TFIIB in vitro. A T7 template encoding aa 1 to 262 of BPV-1 E2 was generated by PCR, and binding of this in vitrotranslated [
35 S]methionine-labeled protein to TFIIB was tested as described for Fig. 3A . Figure 3B shows that this BPV-1 E2 amino-terminal domain (aa 1 to 262) could interact with recombinant TFIIB in vitro.
The observation that regions of BPV-1 E2 capable of binding hTFIIB did not all overlap (Fig. 3C) (35) . The aa 162 to 410 mutant corresponds to E2-TR, an E2 species present in BPV-1-transformed cells. This form of BPV-1 E2 includes a portion of the transactivation domain, as well as the hinge and DNA binding domain. E2-TR is capable of binding E2 DNA sites and represses transcriptional activation by full-length BPV-1 E2 (reviewed in reference 36). E2-TR alone can, however, transactivate in certain contexts (12) , suggesting that interaction of E2-TR with TFIIB may sponsor transactivation under certain circumstances. The functional redundancy we observe in BPV-1 E2 has precedent: the gene of herpes simplex virus that encodes the VP16 acidic activator protein contains two distinct separable activation domains (46) .
Our results indicate that all domains of BPV-1 E2 capable of in vitro hTFIIB interaction reside upstream of the BPV-1 E2 DNA binding domain and are at variance with the previous description of in vitro interaction between TFIIB and BPV-1 E2, where this interaction was mapped exclusively to a carboxy-terminal domain of E2 encompassing aa 311 to 410 (45) . Furthermore, the specificities of BPV-1 E2 interaction are different in these respective assays. Our studies detected only low levels of interaction between native BPV-1 E2 and TBP in vitro, whereas GST-BPV E2 chimeric proteins used by Rank and Lambert showed comparable TFIIB and TBP binding activities within the BPV-1 E2 carboxy terminus. It is doubtful that different binding conditions account for these discrepancies, since both assays were performed under conditions of almost identical stringency. One obvious dissimilarity between the two studies is that Rank and Lambert (45) used GST-E2 fusion proteins in their assays, whereas we used native E2 proteins. It is possible that the context or amount of BPV-1 E2 protein used in such interaction assays has a dramatic effect upon its binding characteristics.
In BPV-1 E2-hTFIIB and VP16-hTFIIB interactions, analogous regions within the hTFIIB protein are used. VP16 is perhaps the most extensively studied mammalian acidic transcriptional activator protein. Interaction between an activator and basal transcription factors was first demonstrated with this activation domain (31, 47) . Mapping studies by Roberts et al. (47) , using a series of hTFIIB deletion and missense mutants, have established domains and specific amino acids within hTFIIB that are involved in TFIIB-VP16 interaction. However, the question of whether these same regions of TFIIB are involved in interactions with other activators has not yet been examined experimentally. Using the same panel of GST-hTFIIB mutants that had been used previously to discern the details of VP16-TFIIB interaction, we tested interactions with BPV-1 E2 in vitro (Fig.  4A) . Plasmid constructs carrying genes expressing wild-type or mutant forms of hTFIIB as GST fusion proteins were gifts of S. Roberts and M. R. Green. GST fusion proteins were prepared by standard procedures (24) . pGEM-Gal4 VP16 (47) was translated with SP6-TNT wheat germ lysate (Promega). Radiolabeled BPV-1 E2 and Gal4-VP16 were tested for binding in 0.7 ml of binding buffer (room temperature for 1 h) to 0.5 g of GST alone, wild-type GST-hTFIIB, or GST-hTFIIB deletion mutants. Samples were washed four times with 1 ml of binding buffer. R185E/R193E and K185E/K200E are GSThTFIIB mutants proteins in which the basic amino acids at the indicated positions within hTFIIB were replaced by acidic residues.
The results of this experiment are shown in Fig. 4B . Quantitation of these results, by using the NIH Image program, is shown in Fig. 4C . While absolute binding of BPV-1 E2 to various forms of TFIIB differed from that of Gal4-VP16, the relative abilities of these various hTFIIB mutants to bind BPV-1 E2 closely paralleled their Gal4-VP16 binding activities. In addition, substitution of negatively charged amino acids for positively charged residues that are known to be important for VP16 interaction (R185E/R193E and K189E/K200E) also significantly reduced the in vitro interaction between BPV-1 E2 and hTFIIB. BPV-1 E2 appeared to bind all forms of hTFIIB more strongly than Gal4-VP16. This may have been due to the potential presence of two TFIIB interaction domains within E2, whereas only one VP16 activation domain is present in the form of Gal4VP16 used in these experiments. Thus, it appears that the character of interactions between BPV-1 E2 and hTFIIB (i.e., the domains of hTFIIB involved) is generally the same as that of interactions between VP16 and TFIIB.
As shown in Fig. 4A , TFIIB contains an amino-terminal tail, followed by two imperfect direct repeats (16, 17) . The carboxyterminal portion of the first repeat contains a positively charged amphipathic ␣-helix. The results presented here suggest that like VP16, domains within TFIIB at the carboxy terminus of each imperfect repeat are involved in the interaction of TFIIB with PV E2. Moreover, substitution of acidic residues for the basic residues within the amphipathic helix significantly decreases TFIIB binding by both BPV-1 E2 and the VP16 activation domain, suggesting that ionic interactions may be involved in formation of both complexes.
Interaction between BPV-1 E2 and yTFIIB. As mentioned above, BPV-1 E2, like other acidic activators, is a potent transcriptional activator in yeast (28, 39, 53) . This finding has led to the conclusion that the mechanism of transactivation by E2 is likely conserved between higher and lower eukaryotes. The high level of conservation between h-and yTFIIB (52% similarity and 35% identity) (41) also suggests that the ability of E2 to interact with TFIIB is a conserved feature of the h-and yTFIIB proteins. This possibility was tested by cloning sequences encoding wild-type yTFIIB and expressing yTFIIB as a GST-fusion protein. A PCR fragment representing the yTFIIB (SUA7) open reading frame (41) was generated by PCR with purified DNA from yeast strain INVSC1 (Invitrogen) as a template. These oligonucleotides introduced an inframe EcoRI site followed by the second codon of SUA7 and a SalI site immediately following the SUA7 termination codon. This fragment was cloned into the EcoRI-XhoI sites of pGEX 4T-1 (Pharmacia). Figure 5 shows the result of an experiment in which levels of binding of radiolabeled BPV-1 E2 to both GST-hTFIIB and GST-yTFIIB were compared. In these experiments, the GSTyTFIIB interaction with BPV-1 E2 was comparable to that observed with GST-hTFIIB. These results are consistent with the importance of E2 interaction with TFIIB in transactivation in both mammalian and yeast cells, although we certainly do not rule out the possible existence of other conserved and relevant E2 activities.
Many recent studies have utilized various mutagenesis strategies to identify residues within the papillomavirus E2 transactivation domain that are critical for transactivation (1, 6, 7, and Gal4-VP16 were tested for binding to GST alone, wild-type GST-hTFIIB, or GST-hTFIIB deletion mutants. The positions of the deleted amino acids are indicated by the numbers above each lane. R185E/R193E and K185E/K200E are GST-hTFIIB mutant proteins in which the basic amino acids at the indicated positions within hTFIIB were replaced by acidic residues. Bound BPV-1 E2 or Gal4-VP16 was analyzed by SDS-PAGE followed by autoradiography. (C) Graph representing GST-TFIIB binding by BPV-E2 (filled bars) or Gal4-VP16 (open bars) in panel A. Binding to each GST-TFIIB protein was normalized to the value observed with wild-type GST-TFIIB, which was assigned a value of 100%. FIG. 5. BPV-1 E2 interaction is a conserved function of the hTFIIB and yTFIIB proteins. Radiolabeled in vitro-translated BPV-1 E2 was split into three equal aliquots and tested for binding to 0.5 g of GST-hTFIIB or GST-yTFIIB fusion proteins or to GST protein alone under the conditions described in the legend to Fig. 4 . Full-length BPV-1 E2 and E2-TR are indicated. 13, 48) . However, the specific function(s) of E2 affected by these mutations is not known. Our assessment of the in vitro hTFIIB binding activities of HPV-16 E2 missense mutants that were previously shown to be defective for transactivation (48) has revealed no quantitative change in hTFIIB binding activity (28a) . It is possible that these mutants are defective for another essential E2 function that is unrelated to TFIIB interaction. Alternatively, VP16 has been shown to induce a conformational change in TFIIB (22, 47) . Thus, the transactivationdefective HPV-16 E2 mutants we tested may be capable of binding TFIIB with affinities indistinguishable from that of wild-type E2 but bear qualitative defects rendering them unable to induce a TFIIB conformational change. Whatever the case, we do believe that the E2 function or functions disrupted by these HPV-16 E2 mutations are conserved between mammalian and yeast cells, since we have observed that HPV-16 E2 mutants which are unable to transactivate in mammalian cells are also defective for transactivation in yeast cells (4a) . Testing of an independently derived set of transactivation-defective mutant proteins for activity in mammalian and yeast cells has shown similar correlations of BPV-1 E2 transactivation activity (6) .
The results presented here suggest that PV E2 transactivation is mediated in a manner similar if not identical to that of other acidic activator proteins. Our assays indicate that E2 proteins participate in protein-protein interactions analogous to those of VP16, the prototypic mammalian acidic transcriptional activator. We have also observed interaction between both BPV-1 and HPV-16 E2 and human TAF II 31 in vitro (28a); TAF II 31 interaction is a known characteristic of both VP16 (15, 25) and p53 (32, 57) . Moreover, our results affirm previous hypotheses that these functions which mediate E2 transactivation are conserved, both among the PV E2 proteins and between the TFIIB molecules of higher and lower eukaryotes. Further analysis of wild-type and mutant forms of the E2 proteins encoded by various PVs, along with comparison of their activities in various experimental systems, may allow clearer identification of the cellular transcription machinery through which the papillomavirus E2 proteins bring about transcriptional activation.
